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SUMMARY
The fission yeast stress-activated Sty1/Spc1 MAPK pathway responds to a similar range of stresses as the mammalian p38 and SAPK/JNK MAPK pathways. In addition, sty1 -cells are sterile and exhibit a G 2 cell cycle delay indicating additional roles of Sty1 in meiosis and cell cycle progression. To identify novel proteins involved in stress responses, a microarray analysis of the Schizosaccharomyces pombe genome was performed to find genes that are up-regulated following exposure to stress in a Sty1-dependent manner. One such gene identified, srk1 + (sty1 regulated kinase 1), encodes a putative serine/threonine kinase homologous to mammalian calmodulin kinases. At the C-terminus of Srk1 is a putative MAPK binding motif similar to that in the p38-substrates, MAPKAP kinases 2 and 3. Indeed, we find that Srk1 is present in a complex with the Sty1 MAPK and is directly phosphorylated by Sty1. Furthermore, upon stress, Srk1 translocates from the cytoplasm to the nucleus in a process that is dependent on the Sty1 MAPK. Finally, we show that Srk1 has a role in regulating meiosis in fission yeast; following nitrogen limitation srk1 -cells enter meiosis significantly faster than wild-type cells and over-expression of srk1 + inhibits the nitrogen starvation-induced arrest in G 1 .
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INTRODUCTION
Central to stress responses in eukaryotes are the stress-activated MAPK signalling pathways, which relay signals from the membrane or the cytoplasm to the nucleus to elicit necessary changes in gene expression (1) . Similar to the mammalian p38 and SAPK/JNK stress-activated MAPK signalling pathways, the Sty1 (Spc1) MAPK pathway in the fission yeast Schizosaccharomyces pombe responds to a wide range of stimuli including oxidative stress, osmotic stress, and heat stress, nutrient limitation, heavy metal toxicity and to DNA damaging agents such as UV light (2) (3) (4) (5) (6) . sty1 -cells are sensitive to these stress conditions and are also profoundly sterile, as nitrogen limitation induced-activation of Sty1 is important for sexual development (7) .
Interestingly, sty1 -cells also display a G 2 cell cycle delay, which is intensified by stress (2, 3, 8) and, more recently, Sty1 has been implicated in a mitotic checkpoint that ensures proper spindle orientation in response to damage to the actin cytoskeleton (9) .
Sty1 is activated through phosphorylation on conserved tyrosine (Tyr173) and threonine (Thr171) residues by the MAPKK, Wis1, which in turn, is activated through phosphorylation by two MAPKKKs Wak1 (also known as Wis4 and Wik1) (6, 10, 11) and Win1 (12, 13) . Activation of Sty1 is transient due to the action of the Pyp1 and 4
The mechanisms by which cells sense and regulate Sty1 activation in response to other stresses such as osmotic stress, nutrient limitation, UV irradiation or DNA damage is unknown.
Stress-dependent activation of Sty1 stimulates gene transcription via two bZip transcription factors, Pap1 and Atf1 (16, (18) (19) (20) (21) (22) (23) . Atf1 is phosphorylated by Sty1 in response to stress and, although Pap1 does not appear to be a direct target of Sty1, H 2 O 2 -induced nuclear accumulation of Pap1 is impaired in a sty1 -mutant at all but very low concentrations of H 2 O 2 (7, (20) (21) (22) 24) . Analysis of the phenotypes of pap1 -and atf1 -mutants has suggested that Pap1 controls the response to a range of drugs and heavy metals, and low level oxidative stress (18, 20, 22, 24) , and that Atf1 is important in regulating the response to osmotic stress, nutrient deprivation, and high levels of oxidative stress (16, 19, 21, 23, 24) . However, although there is considerable overlap in the phenotypes of the pap1 -and atf1 -mutants with the sty1 -mutant, several phenotypes appear to be Sty1-specific including sensitivity to DNA damaging agents and the G 2 cell cycle delay. Hence, these data suggest that there are other downstream targets for Sty1.
In an attempt to identify novel stress regulatory proteins in fission yeast, a microarray analysis was performed to identify genes that are induced regulated following exposure to stress (25) . Genes encoding proteins with potential regulatory functions such as protein kinases were of particular interest. Here we describe the identification and characterisation of srk1 + , (sty1 regulated kinase 1) which encodes a putative serine/threonine kinase that is up-regulated following exposure to stress. This protein shows a high degree of homology to the Rck2 protein kinase in the budding yeast Saccharomyces cerevisiae, previously described as a suppressor of fission yeast checkpoint mutations (26 
Microarray analysis
Microarray analysis was performed as described in (25 osmotic stress (1M sorbitol). Total RNA was extracted using a hot phenol method from 25ml samples of culture taken before and 15 minutes and 60 minutes after stress (31) . Probe preparation and microarray construction were as described in (25) . Arrays were scanned using a GenePix 4000 scanner from Axon Instruments (Foster City, California). All analysis was performed using GeneSpring data analysis software (Silicon Genetics, Redwood City, California). All results are the average of at least two independent biological experiments. 
Flow Cytometry
Cells were fixed in 70% ethanol at 0°C. After resuspension in 50 mM sodium citrate buffer, cells were treated overnight at 37°C with 0.1 mg/ml RNase A. Following this, cells were treated with 4 µg/ml propidium iodide for 2 hr at room temperature to stain the DNA. Cells were then sonicated and analyzed on a Becton-Dickinson FACScan flow cytometer.
Expression and purification of recombinant Srk1
6-His tagged Srk1 K153A was expressed in E. coli BL21 (DE3) cells (35) from pET14, and pellets were lysed in binding buffer (20 mM Tris pH 7.9, 0.5 M NaCl, 5 mM imidazole, 1 mM PMSF). 6 -His tagged Srk1 K153A was purified using Ni 2+ -NTAagarose and, after washing with binding buffer containing 60 mM imidazole, was eluted with imidazole according to the manufacturer's instructions (Qiagen).
Co-precipitation assays
Chromosomally tagged sty1-9myc (JM1689) cells containing either pREP41FLAG or pREP41FLAG-Srk1, were grown in minimal medium lacking thiamine for 20 hrs.
Approximately 2x10 8 cells were harvested from unstressed cells, or following stress treatment as indicated, and snap frozen in liquid nitrogen. Pelleted cells were lysed into lysis buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 10 mM imidazole, 0.1% NP40, 50 mM NaF, 2 mM NaF, 1 mM PMSF, 0.07 TIU/ml aprotinin, 10 µg/ml leupeptin, 10 µg/ml pepstatin). FLAG-tagged Srk1 was immunoprecipitated from extracts using anti-FLAG M2 affinity agarose (Sigma). The agarose beads were washed three times with lysis buffer and resuspended in SDS-loading buffer. Proteins 9 were resolved on SDS-PAGE and co-precipitation of Sty1-9myc was monitored by western blotting using 9E10 monoclonal anti-myc antibody (Sigma).
Cells carrying either or both chromosomally tagged sty1-6HisHA (6) and srk1-Pk were grown in rich medium and extracts prepared as above. Sty1-6HisHA was precipitated from the extracts using Ni 2+ -NTA agarose (Qiagen). The Ni 2+ -NTA agarose was washed five times in lysis buffer containing 20 mM imidazole. Proteins were resolved on SDS-PAGE and co-precipitation of Srk1-Pk was assayed by western blotting using an anti Pk-TAG antibody (Serotec). In the co-precipitation experiment, phosphorylated Sty1, and total levels of Sty1, were determined as below.
Sty1 phosphorylation assays
Strains containing chromosomally tagged sty1-6HisHA (JM1521) (6) were grown to mid-log and incubated with 1 mM H 2 O 2 for the times indicated. Detection of phosphorylated Sty1 was determined as described previously (2) by western blotting with anti-phospho-p38 antibody (New England Biolabs). Total levels of Sty1 were determined with an anti-HA antibody (Sigma).
In vivo phosphorylation of Srk1
Phosphorylation of Srk1-Pk was monitored in wild-type (JP203) and sty1
strains by western blot analysis. Cells were collected before or after a 10 min exposure to 1mM H 2 O 2 and extracts prepared as before. Wild-type extracts were dephosphorylated by treatment with λ-phosphatase (400 units/µl, New England Biolabs) for 15 min at 37°C. 100 µg of protein was analyzed by SDS-PAGE on 7.5% gels and Srk1-Pk visualized by western blotting using an anti-Pk TAG antibody. 
In vitro phosphorylation of Srk1
The immune-complex assay was performed as described previously (21) prebound to Ni 2+ -NTA-agarose for 1 hr at 4 °C. The beads were washed three times with lysis buffer, once with kinase buffer and kinase reactions performed as described above.
Fluorescence microscopy
Immunolocalization of 9myc-epitope tagged Sty1 and Pk-epitope tagged Srk1 was carried out essentially as described in (24) . 10ml samples of exponentially growing
RESULTS
srk1 + expression is induced following stress
We identified srk1 + (c1322.08) during a microarray analysis designed to identify genes in the fission yeast genome whose expression changes following exposure to stress.
As shown in Figure 1A , srk1 + mRNA is induced in response to a range of different stress stimuli. Exposure of wild-type cells to a heat shock, or oxidative stress (0.5 mM Significantly, Rck2 has been recently implicated in the stress-response in S.
cerevisiae, as Rck2 is a substrate for the osmostress-activated Hog1 MAPK (27, 28) . 
Sty1 interacts with the Srk1 kinase
In S. cerevisiae, Rck2, a homologue of Srk1, binds to, and is a substrate for, the Hog1
MAPK (27, 28) . To investigate whether the Srk1 kinase interacts with the Sty1 MAPK, Srk1 was N-terminally tagged with a FLAG epitope and expressed from the thiamine repressible nmt41 promoter in cells bearing a sty1-9myc allele (JM1689).
Srk1 was immunoprecipitated from the cell using anti-FLAG antibody-coupled agarose beads and co-precipitation of Sty1 was assayed by western blotting using an anti-myc antibody. Sty1-9myc co-precipitated with Srk1 in extracts prepared from unstressed cells and from cells that had been subjected to oxidative (1 mM H 2 O 2 ) or osmotic (0.6 M KCl) stress ( Figure 3A , lanes 4-9). Sty1-9myc did not precipitate with anti-FLAG coupled agarose beads in the absence of FLAG-tagged Srk1 ( Figure 3A ,
To ensure that the Srk1-Sty1 interaction shown above was not an artifact arising from over-expression of Srk1 from the nmt promoter, co-precipitation experiments were repeated using chromosomally tagged srk1 + and sty1 + alleles. A strain was constructed in which Sty1 was C-terminally tagged with six histidines and a haemagglutin (HA) epitope and Srk1 was C-terminally tagged with three tandem Pk epitopes (JP229). Extracts were prepared from cells that were unstressed or that had been subjected to an osmotic (0.6 M KCl), oxidative ( 
Srk1 is not required for Sty1 activation or nuclear translocation
As Srk1 forms a complex with the Sty1 MAPK in vivo, we next asked whether Srk1 Figure 4A , and data not shown).
Styl is cytoplasmic in unstressed cells and translocates to the nucleus in response to stress (37) . To assess whether Srk1 may be involved in this process, Sty1 tagged with 9-myc epitopes was localized by indirect immunofluorescence in either a wild-type (JM1689) or a srk1 -strain (JP231), or in a wild-type strain carrying pREP41-Srk1. In all these strains, Sty1 was found to be cytoplasmic in unstressed cells and concentrated in the nucleus after a 10 minute exposure to 1mM H 2 O 2 ( Figure   4B ). Similarly, Sty1 localization in response to a heat shock or osmotic stress was not affected by srk1 + deletion or over-expression (data not shown). However, we did note that over-expression of srk1 + from the nmt41 promoter results in cells that are elongated at division compared to wild-type cells (see later).
Collectively these results show that Srk1 does not regulate Sty1 activation.
This, together with the fact that Hog1 phosphorylates Rck2 in budding yeast, raised the possibility that Srk1 acts downstream of the Sty1 MAPK and may be a direct substrate for the kinase. 
Srk1 is a substrate of the Sty1 MAPK
Purified recombinant Srk1 was tested as a potential substrate in Sty1-specific kinase assays. However, as wild-type Srk1 was found to have significant autophosphorylation activity, a kinase inactive mutant of Srk1 (Srk1
K153A
) was generated for these experiments. In the first assay, Sty1-9myc was immunoprecipitated from yeast extracts prepared from unstressed cells or cells that had been treated with 1mM H 2 O 2 for 10 minutes. These precipitates were incubated with either recombinant Srk1 K153A or recombinant Atf1, a known Sty1-substrate (7, 21) . As shown in Figure 6A , phosphate incorporation into both Atf1 (lanes 1 & 2) and Srk1 (lanes 3& 4) was significantly increased upon incubation with Sty1-9myc
immunoprecipitated from cells exposed to oxidative stress. Similar results were obtained using extracts from cells exposed to oxidative stress and heat shock (data not shown Hence, this data suggests that Sty1 activation is essential for Srk1 phosphorylation.
Interestingly, there is a basal level of phosphorylation of Srk1 that occurs in a Sty1-independent manner. This is not due to residual kinase activity in the Srk1 Figure 7 ).
This demonstrates that deletion of srk1 + partially suppresses the lethality due to Wis1 over-expression, in contrast to deletion of sty1 + which completely suppresses this lethality.
Srk1 translocates to the nucleus following stress.
The cellular location of Srk1 was investigated by indirect immunofluorescence using the chromosomally tagged srk1-Pk (JP203) strain ( Figure 8A ).
Under non-stressed conditions, Srk1 was found to be cytoplasmic and visibly excluded from the nucleus. However, following treatment with an osmotic stress (0.6 M KCl) Srk1 translocates to the nucleus with nuclear staining maximal at 10 minutes.
The nuclear localization of Srk1 is transient, as Srk1 is visibly excluded from the nucleus 30 minutes following stress. We also found that Srk1 translocates to the nucleus with similar kinetics in response to oxidative stress or heat shock (data not shown).
To investigate if Sty1 is involved in regulating the cellular localization of Srk1, the srk1-Pk allele was introduced into a sty1 -background (JP224). However, as shown previously ( Figure 5A ), Srk1 protein levels are significantly reduced in sty1 -cells and consequently much weaker immunofluorescence signals were obtained.
Nonetheless, no stress-induced nuclear translocation of Srk1 was detected in the sty1 -strain ( Figure 8B ), which suggests that Sty1-mediated phosphorylation of Srk1 may be important for this mechanism. Moreover, we noted that the localization of Srk1 appears to be more uniform in sty1 -cells, with only a slight indication of nuclear exclusion in some cells.
To investigate the localization of Srk1 under conditions where Sty1 is constitutively active, the srk1-Pk allele was introduced in a strain (JP226) carrying a constitutively active wis1 DD allele (38) . In the wis1 DD strain, the 2 phosphorylation sites on the MAPKK Wis1, Ser469 and Thr473, which are targeted by the upstream MAPKKKs, are mutated to aspartic acid to mimic hyperphosphorylation.
Consequently the Wis1 DD protein activates Sty1 even in the absence of stress.
However, Srk1 failed to translocate to the nucleus in the wis1 DD mutant following osmotic stress ( Figure 8C , upper panel). This was contrary to our initial predictions that Srk1 might be constitutively nuclear in a strain in which Sty1 was constitutively active. However, it has been previously reported that, although the basal level of phosphorylated Sty1 is increased in a wis1 DD mutant, the level of Sty1 activation following stress is much lower than in wild-type cells (38) . Therefore, we assayed the levels of active Sty1 in wild-type and wis1 DD cells, by preparing extracts and performing Srk1 phosphorylation assays as described earlier ( Figure 6B ). In with extracts prepared from wild-type cells subjected to stress, than with extracts prepared from the wis1 DD mutant ( Figure 8C , lower panel). These results strongly suggest that phosphorylation of Srk1 is a key regulatory factor in the stress-induced nuclear translocation of Srk1. of an isogenic wild-type cross had undergone conjugation and sporulation ( Figure   9A ). This demonstrates that the srk1 -/srk1 -homozygous diploid enters meiosis much more rapidly than a wild-type diploid, suggesting that Srk1 is an inhibitor of meiosis in fission yeast.
Deletion of srk1 + accelerates meiosis
Overexpression of Srk1 delays mitotic initiation
In addition to the analysis of phenotypes associated with deletion of the srk1 + gene, 
Over-expression of Srk1 causes defective G 1 arrest
The observation that deletion of srk1 + accelerates meiosis, suggests that Srk1 may be involved in the response to nitrogen limitation. We therefore investigated whether over-expression of srk1 + from the nmt41 promoter in heterothallic cells affects Srk1 to be one of only two putative kinases whose genes are induced in a stressdependent manner (25) . Biochemical analysis of Srk1 has revealed that this kinase is a stress-induced phosphoprotein, which forms a stable complex with both inactive and phosphorylated forms of Sty1. Furthermore, Srk1 is a substrate for the Sty1 MAPK, and Sty1 activation is required for the stress-dependent increase in Srk1 phosphorylation. We also found that the cellular localization of Srk1 is regulated by multiple stresses in a Sty1-dependent manner. Collectively, these results demonstrate that Sty1 regulates Srk1 by transcriptional and post-translational mechanisms.
Srk1 shares a high degree of homology with Rck2 from budding yeast, which has been shown to be a direct substrate for the osmo-stress sensing Hog1 MAPK (27, 28) . Surprisingly, although Rck2 binds to, and is phosphorylated by the Hog1 MAPK, rck2 -cells are not sensitive to osmotic stress. However, deletion of the RCK2 gene suppresses the cell lethality associated with constitutive activation of the Hog1 MAPK, which strongly suggests that Rck2 is a specialised effector of the Hog1 pathway (27, 28) . Similarly, deletion of the srk1 + gene in S. pombe suppresses the lethality associated with hyper-activation of the Sty1 pathway, due to over-expression of the MAPKK Wis1, which further supports the hypothesis that Srk1 is a target of the Sty1 MAPK. Significantly however, we noted that deletion of srk1 + only partially suppressed the lethality due to over-expression of Wis1 whereas deletion of sty1 + completely suppresses this lethality. This may be explained in terms of organization and function of components of the Sty1 MAPK pathway. Sty1 is the only known protein to be regulated by Wis1. That fact that deletion of sty1 + completely suppresses the lethality due to Wis1 over-expression, strongly suggests that this lethality is due to hyper-activation of the Sty1 kinase. However, in contrast to Sty1 being the only Wis1-target, there are several Sty1-substrates. This work has revealed that in addition to the transcription factor Atf1, Sty1 also phosphorylates the Srk1 protein kinase. Moreover, it is likely that other substrates for Sty1 exist, as several phenotypes, including sensitivity to DNA damaging agents and the G 2 cell cycle delay, remain Sty1-specific.
Inactivation of a single Sty1-substrate, such as Srk1, would not be expected to completely suppress the lethality due to Wis1 over-expression. Indeed, deletion of all genes encoding Sty1-substrates may be needed to completely suppress the Wis1 overexpression phenotype.
In contrast to the Hog1 pathway in budding yeast, the fission yeast Sty1 pathway responds to a diverse range of environmental stimuli. Here, we show that, in response to multiple stresses, activated-Sty1 phosphorylates the Srk1 kinase and Srk1
translocates to the nucleus. Intriguingly, similar to the rck2 mutant, deletion of the 
